Chapter 11

Skeletal System

Viktor S. Oganov and Victor S. Schneider

The interaction between living things and the force of grav-
ity has been a subject of scientific interest virtually since New-
ton formulated the law of gravity late in the 17th century.
However, it was not until the late 19th and early 20th centu-
ries that Tsiolkovskiy' and D’Arcy Thompson? named a de-
finitive role for gravity in the link between the size of an ani-
mal and the mass of its skeleton (Tsiolkovskiy on theoretical
grounds, and Thompson on the basis of a quantitative inter-
pretation of Galileo’s principle of similitude). Subsequent
assessments of theoretical and experimental data by distin-
guished scientists such as Zenkevich (1944), Brovar (1960),
Went (1968), Korzhuyev (1971), Maier (1974), Smith (1975),
Shnol (1979), and others led to the conclusion that the evolu-
tion of land vertebrates involves progressive adaptation that
acts to overcome gravitational force. The biomechanical role
of the vertebrate musculoskeletal system is thought to depend
on its sensitivity to gravity and changes in gravity.>

Research performed during the past four decades has led
to replacing the old concept of bone as a static, supporting
organ with the recognition that bone tissue is an active, multi-
functional organ that has many functions beyond providing
biomechanical support and protection. These functions in-
clude storing minerals, maintaining calcium homeostasis, and
providing hemopoiesis within the bone marrow. The skeletal
system not only supports the generation of new hemopoietic
cells,® but also supports the continual differentiation of bone
tissue itself.’

In all vertebrates, including humans, the growth, develop-
ment, and involution of bone throughout life result from con-
tinual tissue remodeling. Bone remodeling is a complex pro-
cess encompassing both systemic and local regulation.®® Sys-
temic control lies in neuroendocrine, hormonal, circulatory,
and immune regulation; local control involves tissue, cellular,
and intercellular interactions. The balance between bone re-
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sorption and formation tends to shift with age and mechanical
challenges from the environment (e.g., gravity, types of mo-
tor activity, magnitude and nature of weight loads, etc.).*

The first systematic studies of the gravitational physiol-
ogy of bone began in the early 1970s with animals aboard
Kosmos biosatellites and under simulated-microgravity con-
ditions. These U.S.-U.S.S.R collaborations were expanded
to include human subjects in 1982 after new methods had been
developed (e.g., computer tomography, mono- and dual-pho-
ton absorptiometry) that allowed skeletal status to be evalu-
ated in vivo. A review of early results on reactions of the
skeletal system in microgravity is presented in Ref. 10.

This chapter summarizes results collected regarding space-
flight-induced changes in bone mineralization in space crews,
both from our own experience and from published reports in
the literature. Special attention is paid to the use of modern
techniques with which to analyze the dynamics and mecha-
nisms of gravity-dependent changes in various parts of the
skeleton. Of practical interest are the operational consequences
of changes in mechanical force on bone during flight, and pos-
sible means of counteracting adverse effects on the human
skeleton during return to gravitational environments. The
chapter concludes with a brief overview of some remaining
challenges for future research on this issue.

I. Human Calcium Balance and Mineral Density in
Spaceflight

Living bone consists of an organic matrix of collagen fi-
bers and noncollagen proteins or proteoglycans. This matrix
is made rigid by minerals (hydroxyapatite and crystals of other
calcium and phosphorus salts) incorporated in the collagen
microfibrils and the interfibrillar space in the bone interstitium.
Human bone tissue contains 98% of all the minerals in the
body (calcium, Ca; phosphorus, P; magnesium, Mg; and so-
dium, Na), and 99% of the body’s calcium.''? The amount of
calcium present per unit volume of bone can be used as an
indicator of bone mass."

The earliest demonstration that bone is lost in weightless-
ness was the finding that calcium balance had become nega-
tive after Gemini and Apollo missions.'* Subsequent system-
atic studies of calcium metabolism during the three Skylab
missions revealed consistent elevations in plasma concentra-
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Fig. 1 Time course of calcium excretion in urine
(open circles) and feces (closed circles) during
and after Skylab flights lasting 28 (n=9), 59
(n=6), and 84 (n=3) days. From Ref. 16.

tions of calcium and phosphorus relative to preflight baselines."
The amount of excess calcium being excreted in the urine and
the feces gradually increased with time spent in flight, and
remained elevated until the end of the longest mission (Fig.
1). The mean rate of mineral loss was 0.6% of total body
calcium per month, although this rate fluctuated substantially
among individuals. The amount of calcium lost was weakly
correlated with flight duration.'>'¢

Hypercalcemia also has been present in most cosmonauts
after flights lasting 30 days or more.'” The total calcium con-
centrations found in blood thus far have not exceeded physi-
ological norms, but ionized calcium activity on flights lasting
up to 237 days has exceeded preflight baselines by 16 to 32%.!*
This hypercalcemia was accompanied by negative calcium
balance. Tests that involved ingesting calcium lactate and other
substances led to the conclusion that the capacity of calcium-
storage systems in the body was reduced after long space-
flights.'"1®

Opportunities for more exact measurements were greatly
enhanced by the development of noninvasive means of bone
densitometry, including monophoton and dual-photon gamma-
absorptiometry; quantitative computer tomography; quanti-
tative digital (scanning) radiography or dual photon X-ray
absorptiometry; neutron-activated analysis; and ultrasound'
(Table 1).

The first evaluations of local mineral loss using X-ray
photodensitometry revealed 2—17% decreases in the mineral
density of the heel bones (calcaneus) and hands of Gemini and
Apollo crews? and Soyuz-3 crews.?' These losses were found
later to have been exaggerated by methodological error.?
Monophoton gamma-absorptiometry techniques later showed
no appreciable change in mineral density of the calcaneus in
Apollo-14 or -16 astronauts.?® Decreases in calcaneal mineral
density in the Skylab crews demonstrated with the same
method differed considerably among individuals. One crew
member lost 7.4% after the 59-day flight; two others lost 4.5%

and 7.9% after the 84-day flight.?* The mean monthly rate of
decrease in this weight-bearing bone was greater than that of
cortical bone tissue in the shoulder. '

Monophoton absorptiometry also revealed individual
differences in calcaneal mineral density in eight Soviet cos-
monauts who flew on Salyut-6 for 75 to 184 days. De-
creases ranged from 0.9% after a 75-day flight to 19.8%
after a 140-day flight.'® Interestingly, losses after flights
lasting 175 and 184 days were smaller (3.0 and 4.0%, re-
spectively) than after the shorter flights, but in general the
loss of mineral density was weakly correlated with the
length of flight. The amounts of calcium excreted were
greater than could be accounted for by the loss of mineral
density in the calcaneus. Thus, no associations could be
established between the magnitude of negative calcium
balance and flight duration, or between calcium balance
and exercise in flight.'®!” The lack of correlation between
the total calcium loss and the mineral density of the calca-
neus prompted a search for other bones that could have
been the source of the calcium loss.

From 1981 to 1987, seven cosmonauts were examined with
computer tomography (General Electric model GECI-7800)%
to quantify changes in mineral density of the compact and
spongy (trabecular) bone in lumbar vertebrae after flights last-
ing 64 to 366 days. Results from four cosmonauts tested
after 150-day or 211-day flights, and three after a 237-day
flight, are shown in Table 2. Mineral density of the anterior
and posterior aspects of the vertebrae were measured selec-
tively, as were the density and volume of the iliocostal,
sacrospinal, and interspinal muscles.?® Four of the seven cos-
monauts in this group had no changes in mineral density of
trabecular bone in the center of the vertebral body, one had
decreased density, and the remaining two had increased den-
sity. Density in the posterior elements of the vertebrae, which
consist mainly of compact bone, decreased in four of the seven
subjects by a mean of 7.8% (p<0.01). The volume of back
muscles decreased by a mean of 4.4% (p<0.01), and their den-
sity decreased by 0.4% (p<0.01).262’

During the 1990s, joint U.S.-Soviet investigations involved
the use of a QDR-1000/W model dual-photon X-ray gamma-
absorptiometer (manufactured by Hologic) to measure cal-
cium mass in the entire skeleton and in the lumbar vertebrae,
the hip, and the proximal regions of the tibia and femur® (Table
3). The average 0.4% loss of mineral from the entire skeleton
was comparable to results from the Skylab calcium-balance
studies.'® Mineral density decreased significantly in the lum-
bar vertebrae, pelvis, and legs, which of course bear the most
weight under normal 1-g conditions. The mean rates of min-
eral loss in different areas of the skeleton for cosmonauts on
4.5- to 6-month missions on Mir are presented in Fig. 2. Vir-
tually all space crew members examined to date have shown
moderate mineral-density loss in the lumbar vertebrae (5-
10%), the femoral neck (1-11%), and the greater trochanter
(up to 14%) during flight. Only two crew members had sta-
tistically significant decreases in mineral density in the tibial
proximal epiphysis after landing.
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Table 1 Noninvasive methods of measuring bone

—

Body Reproducibility, Precision, Time, Radiation,
Method Part % Y% min rem
Radiography hand 2-3 10 1 1-2
Monophoton absorptiometry ulna 2-3 <2 10 5

calcaneus 2-3 <3 10 5
Quantitative computer tomographgl spine 1-5 <10 30
Neutron-activated analysis whole body 1-2 <1 40 2
Dual-photon absorptiometry spine 2-3 <3 20 15

P thigh 2-3 <3 20 15

whole body 2 <3 50 30
Dual-photon X-ray absorptiometry spine <1 <1 10

<1

thigh <1 <1 10 <1

whole body <2 <1 20 <3

Table 2 Percent change in lumbar-vertebral density and back-muscle volume
in seven cosmonauts after 150-, 211-, or 237-day spaceflights (Ref. 27)

150-day flight 211-day flight 237-day flight
Subject I  Subject2  Subject3  Subject4 Subject5 Subject6 Subject 7

Mineral density

Whole vertebra -2.3 -10.8 —6.1 -0.3 -6.0 -7.0 -2.0

Vertebral body +1.8 -10.0 —4.6 +2.9

Vertebral processes  —7.5 +11.9 -8.1 -3.7

Spongy tissue +1.7 -10.2 +1.9 +12.4 -0.5 +2.0 +8.0
Back-muscle volume -6.5 -5.8 —0.8 4.3

Units are percent change from preflight baselines measured by quantitative computer tomography.

Summary spaceflight data on the mean monthly rate of
change in mineral density at specific locations are presented
in Fig. 3. Although these results indicate that the greatest
changes took place at or below the level of the lumbar verte-
brae, considerable differences were apparent between indi-
viduals (Table 3). Group means for monthly mineral loss were
1% in the lumbar vertebrae (range 0.5-2.0%) and 1.8% in the
greater trochanter (0.7-3.1%). The magnitude of these
changes was not strongly correlated with flight duration.
Moreover, some crew members had no changes at all in some
areas (e.g., vertebrae, tibial diaphysis, or calcaneus), which
may reflect variation among individuals or perhaps the use of
countermeasures (e.g., exercise) during flight.

Information as to the recovery of mineral density after flight
is scarce. Individual rates of recovery are extremely variable.
Mineral density in the lumbar vertebrae of some cosmonauts

had remained below preflight values as late as 10 and 18 months
after landing—more than twice the duration of the flights them-
selves.

I1. Animal Studies in Spaceflight and Simulations of
Weightlessness

The use of animals in gravitational skeletal-physiology stud-
ies is advantageous for several reasons, first among them being
the ability to study many structural and mechanical properties of
bone tissue that cannot be studied in humans. Second, observa-
tional conditions can be optimized for animal experiments in
space, and the confounding effects of countermeasure use can
be eliminated. Third, varying the experimental conditions, study-
ing several species, and comparing the results with those from
humans all tend to confer a broader perspective on the problem.
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Table 3 Percent change in bone-mineral density in the Mir prime crews 6-9 after 132- to 176-day flights (Ref. 28)

Flight
dura%ion, Thoracic Lumbar Femoral Greater Proximal Whole
Subject days Head Arms Ribs VertebraeVertebrae Pelvis Neck Trochanter Tibia Legs Skeleton
1 132 +10.6 422 -0.1 +2.9 -7.1 -6.0 -1.3 -8.1 -9.5 -5.1 -1.2
2 132 +3.6 +1.5 -3.0 +0.6 -7.9 -5.1 6.0 -14.2 -0.8 -2.8 ~0.5
3 145 +2.8 +7.8 -2.2 -2.9 6.2 -3.0 —4.5 -2.0 -6.8 ~-0.4 +1.1
4 169 +0.9 -25 +0.8 -0.1 -5.5 -6.9 -3.5 -5.4 04 04 -0.6
5 169 -8.3 +0.2 +1.2 -9.5 —6.9 -7.7 -31 9.0 -0.6 +0.9 -1.6
6 176 +2.9 -0.7 +2.1 -3.6 -10.1 -5.7 -11.4 -12.9 -0.7 -2.3 -0.6
7 176 +7.3 -1.5 +1.3 +3.6 +0.3 —4.5 -5.3 -5.7 -0.9 -1.3 +0.6
Grou
mean}; +2.812.2 +1.0+1.3 0.0£0.7 -1.3£1.7 -62+1.2 -5.640.6 ~-5.0+1.2 -8.241.6 +2.8t14 -1.640.7 -0.410.4

—

Units are percent change from preflight baselines measured by dual-photon X-ray absorptiometry.
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Space experiments with animals have been conducted since
the 1970s on the Soviet Kosmos biosatellite series (Table 4).
Participants in this series have included scientists from Rus-
sia, the United States, France, Bulgaria, Germany, Hungary,
Poland, Romania, and Czechoslovakia. Animal experiments
also have been flown on the U.S. Spacelab-3 (SL-3) and SLS-
I missions. The effects of weightlessness on the musculo-
skeletal apparatus of animals also can be simulated through
immobilizing the animals, limiting their motion, or unioading
their hind legs through suspension.'®**® Suspension best re-
produces the effects of weightlessness on bone'®?* and
muscles®’ and involves the smaliest stress reaction of the three
models.*>*3 Reviews of animal experiments can be found in
Refs. 10, 34, and 35. The following paragraphs present a
brief overview of flight results in the order of increasing mis-
sion duration.

Spaceflights as brief as one week have been shown to in-
hibit bone formation and reduce bone mass. The relative vol-
ume of the organic matrix (osteotd) in the proximal metaphyses

Fig. 3 Changes in local mineral density of cosmonauts
after Mir missions lasting 3 to 6 months. Spongy
tissue of the lumbar vertebrae was measured by
quantitative computer tomography (Ref. 27), the
calcaneus (heel bone) by monophoton absorptiometry
(Ref. 10), and the other areas by dual energy X-ray
absorptiometry (Ref. 28). Adapted from Ref. 27.

of the femur and humerus in rats was reduced after the 5-day
Kosmos-1514 mission.***¢ Bone formation after 7-day flights
on Kosmos-1667 and SL-3 was inhibited to different extents
in different bones. The characteristic signs of osteopenia were
noted in trabecular bone, which became thinner, with fewer
and thinner trabeculae remaining; had lesser amounts of os-
teoid; and had fewer and less active osteoblasts.*" Periosteal
bone formation was slowed, and bone lengthening was less in
the flight animals than in ground controls.>® However, results
relating the level of resorption with cellular activity are con-
tradictory.>*3>3°
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Table 4 Chronology of animal experiments in space

Flight
Mission Year duration, days
Kosmos—605 1973 22
Kosmos—690 1974 20.5
Kosmos—782 1975 19.5
Kosmos—936 1977 18.5
Kosmos—1129 1979 18.5
Kosmoa-1514 1983 5
Kosmos—1667 1985 7
Spacelab-3 1985 7
Kosmos—1887 1987 12.5
Kosmos-2044 1989 13.5
Spacelab-1 1991 9
Kosmos-2229 1992 13

For the SL-3 rats, mineralization of the osteoid was slowed
as well as bone formation being depressed,* which suggests
disruptions in both mineralization and collagen metabolism.
These findings were confirmed by the appearance of type 111
collagen isoforms, which have lesser affinity for calcium than
other isoforms,*' in the femurs of rats aboard Kosmos-1514
and -1667.

Interestingly, the mechanical strength of the rat humeral
proximal metaphysis after the Kosmos-1514 and Kosmos-1667
missions was less than that of vivarium control animals, de-
spite the lack of change in the mineral density of this area in
both groups.’“? Bones of the age-matched control group ac-
tually showed increases in bending strength and other biome-
chanical indices, but flight animals remained at preflight lev-
els.*® Overall, the results from these studies suggest that the
bone becomes more brittle, even after flights lasting only a
week, and cannot respond normailly to loading and deforma-
tion.*

Rat-bone morphology and histochemistry after the 12-day
Kosmos-1887 mission (when the animals were killed 48 hours
after landing) have been interpreted as reflecting failures of
modeling and remodeling.>** Osteogenesis was inhibited in
the femoral metaphyses and the tibial proximal epiphyses**;
elevated reabsorptive activity was indicated by the presence
of large Howship lacunae, increased osteoclast activity, struc-
tural rarefaction of spongy and cortical bone, disintegration
of osteons, and signs of perilacunar osteolysis.**

The reduction of spongy tissue in the growth zones of the
tibial proximal metaphyses* and the femoral distal epiphy-
ses* found in this experiment was accompanied by reductions
in both absolute numbers of osteoblasts and in the percentage
of osteoblasts having high collagen-synthesizing activity. Other
assessments of osteoblast production involving the maxillary
periodontal ligament model have revealed that microgravity
blocks a step in osteoblastogenesis in such a way as to in-
crease the number of undifferentiated osteoblast progenitor
cells and decrease the number of preosteoblasts.*4” Interfer-
ence with collagen metabolism was evident as well from

changes in the proliferative and differentiative behavior of
chondrocytes in the tibial proximal diaphyses; the collagen
fibrils were broader, and proteoglycan aggregates were of dif-
ferent sizes.*® No significant changes were detected in the
mineral content of the femur, tibia, humerus, mandibular bones,
or lumbar vertebrae. >

The decrease in bone strength without change in mineral
density described earlier for 5- to 7-day flights also was present
in the humerus and femur of the Kosmos-1887 rats.® The
lumbar vertebral bodies in the Kosmos-1887 rats also lost
strength without changes being present in the amount or com-
position of minerals.* However, another experiment on the
13.5-day Kosmos-2044 flight (when the animals were killed
6-11 hours after landing) revealed no changes in bone struc-
ture, amount of osteoid, or bone strength.*' Nor were changes
noted in osteogenic cells® or collagen ultrastructure,>although
some evidence of structural disorganization was present in
the collagen-fibril network in cartilage.* The differences be-
tween the Kosmos-1887 and -2044 experiments could reflect
differences in the ages of the rats (90 days on Kosmos-1887
and 110 days on Kosmos-2044), which could have affected
skeletal sensitivity to weight loading, or the postflight delay
of 48 hours before the Kosmos-1887 rats were killed. The
presence of reactivated resorption noted in the Kosmos-1887
rats** tends to favor the latter possibility, since similar re-
sorption patterns were detected in other animals killed on the
second day after landing.

Flight studies with primates involving noninvasive bone
densitometry have revealed histomorphometric indications of
slowing in the rate of bone neogenesis* and decreased bone
density*’ after 2 weeks of flight.

Periosteal growth the day after the 18- and 19-day Kosmos-
782, -936, and -1129 missions was reduced by as much as
50% relative to control animals (Fig. 4).° Trabecular-bone
volume in the tibia and humerus decreased by 30-35%, and
the number of osteoblasts—but not osteoclasts—declined®’;
however, no signs of endosteal resorption were present in the
compact bone. Cessation of growth was evident in the peri-
osteal and endosteal areas.*® Evidence from other studies sug-
gests that osteogenesis had been blocked during flight, but
recovered quickly thereafter.® Changes in the trabecular bone
of the tibial proximal metaphysis may have been due to osteo-
clast resorption,* but resorption in the femoral proximal epi-
physis and tibial distal epiphysis was thought to reflect
perilacunar (osteocytic) osteolysis.*

No significant changes were detected in the compact bone
of the femoral diaphyses'® or in the spongy tissue of the verte-
brae after nearly three weeks of flight (Kosmos-782, -936,
and -1129). However, some authors* have interpreted re-
sults from the Kosmos-1129 experiment as indicating changes
in the quality and delays in the maturation of collagen, which
is consistent with results from others on collagen microstruc-
ture in space.*'"** Mean losses of mineral density in the femo-
ral distal epiphysis in the Kosmos-605, -936, and -1129 groups
ranged from 7.5 to 21%; mean losses in the femoral head
ranged from 5.2 to 17.7%.' The amount of calcium in the
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Fig. 4 Periosteal growth in the tibia of rats 1 and 25
days after the 19.5-day Kosmos-782 mission (white bar)
relative to that in synchronous control rats (hatched
bar), and vivarium control rats (black bar). Growth in
the flight group was significantly different from both
controls at both measurement periods, p<0.05.

ash residue was less than that in control animals, and the ratio
of calcium to phosphate was reduced as well. Micro X-rays
revealed loci of both hyper- and hypomineralization in the
cortical layer of the tibia (Fig. 5), perhaps indicating incom-
plete bone resorption.® In the vertebrae, calcium content was
reduced, but areas of concentrated mineralization were present
in the cortical and trabecular tissue.®' Similar patterns of min-
eral loss and accumulation were present in the femurs of rats
after a 1-week flight on SL-3.%2 These data suggest that bone
mineralization and maturation of new bone are slowed, and
provide another piece of evidence to indicate that bone re-
modeling slows in weightlessness. The changes noted in bone
resorption also could favor the preservation of old, highly
mineralized bone tissue.

Biomechanical assessments of rat bones after 3-week space-
flights revealed decreases in the bending strength of trabecu-
lar bone and in mineral density (Fig. 6).'"® The decreases in
breaking strength (20-30% in different experiments) may be
more pronounced than would be apparent from the 15-30%
decreases in the coefficient of elasticity. Changes in both indi-
cators were greater in the femoral head than in the humerus.
An unexpected increase in breaking strength of the femoral-
diaphyseal compact bone' was thought to result from in-
creased mineralization, as described for the cortical bone in
both the tibia*” and the femur.*? Bending tests with whole
tibias or femurs revealed declines in their structural resistance,
and fractures were noted in the proximal and distal metaphyses.
This latter finding is not unexpected, since these areas contain
trabecular bone from which tissue presumably had been lost. !0

Finally, the early readaptation period after 19 days of flight'®
or 21 days of suspension® has been associated with further
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Fig. 5 Degree of mineralization, measured by micro X-ray
differentiation, of the tibial diaphysis in rats after the 19.5-
day Kosmos-782 mission. White bars indicate the flight group
and hatched bars the vivarium-control group. From Ref. 59.
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Fig. 6 Changes in mineral density (squares) and strength
(circles) of the humeral and femoral heads of rats on
Kosmos biosatellite missions 1514, 1667, 2044, 782, and
605. *Significantly different from vivarium control rats,
p <0.01. Adapted from Refs. 10, 36, and 42.

decreases in bone strength, even as the calcium level and total
mineral density should begin to recover. The first 3-4 days
after flight may involve activation of bone resorption from re-
exposure to normal mechanical stimulation,’®% while bone
formation remains suppressed.*

III. Human Bone Responses in Simulations of
Weightlessness

Both horizontal and head-down bed rest are common means
of mimicking the skeletal response to physical “unloading.”
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Research conducted with healthy volunteers confined to bed,
although not a perfect imitation of spaceflight conditions, has
allowed closer, more detailed observations than are possible
with space crews. More subjects are available; more ques-
tions can be asked and more hypotheses tested; and experi-
mental conditions can be controlled better in ground-based
experiments than in flight.

Long periods of bed rest, in which weight bearing is re-
moved from the skeleton along the Z-axis of the body, is well
known to produce “thinning” in X-ray patterns of bones,
otherwise known as disuse or immobilization osteoporosis.*®
In clinical medicine, the term osteopenia, which describes a
reduction in bone density or calcification,* has supplanted
the term osteoporosis, which refers to diseases of diverse eti-
ology that cause a reduction in bone mass per unit volume,
but do not affect the mineral:organic ratio. However, in this
chapter, the term osteoporosis is used to refer to a particular
form of osteopenia in which an individual has less bone
tissue than is appropriate for his or her age, with no known
precipitating condition. According to this definition, the dis-
tinguishing feature of osteoporosis is the presence of at least
one fracture.*+-%¢

The experiments described below were designed to eluci-
date the mechanisms that underlie the development of
“hypogravity osteopenia,” to determine its rate of onset and
development; to determine the magnitude of bone loss; and to
test potential means of preventing or correcting functional
(biomechanical) insufficiency of the skeleton.

A. Calcium Balance

According to the data presented in Table 5, “pure”
hypokinesia (i.e., bed rest without the use of prophylactic in-
terventions) produces calcium loss of 0.5% per month,2467-¢
which is comparable to the magnitude of the negative calcium
balance observed in the Skylab astronauts beginning in the
second month of flight.'"> By way of comparison, subjects
who wore casts on their lower torsos lost 1-2% of their total
body calcium during a 6-week period’’; patients with polio-
myelitis lost less calcium than these casted subjects, but still
lost more than did healthy subjects confined to bed.”

Our previous attempts to correct the severity and rate of
calcium loss were unsuccessful, despite the use of active (physi-
cal exercise) and passive (mechanical) countermeasures.’
However, some countermeasures (e.g., exercise combined with
biphosphonates or vitamin supplements) can hold the amount
of calcium lost to about half that of the astronauts.®’ The
point at which countermeasure protocols are begun during
bed rest is crucial in preventing or slowing calcium loss. Ina
recent 370-day study of head-down bed rest,’ the magnitude
of negative calcium balance in a group of volunteers who ex-
ercised continually during bed rest was half that of a group
that began countermeasures on the 120th day of the experi-
ment (Table 5). The development of negative calcium bal-
ance in these groups over time is illustrated in Fig. 7. The
group that began exercising after the first 120 days of bed rest

continued to lose calcium, and apparently began to recover
only during the final third of the bed-rest period.”

B. Regional Losses of Mineral Density

The results illustrated in Fig. 3 suggest that the location of
bones with respect to the normal gravity vector influences the
reaction of those bones to a change in or loss of weight Joad-
ing, whether from bed rest or spaceflight. For example, min-
eral loss in the calcaneus would be greater than that in the
femur, which in turn would be greater than that in the lumbar
vertebrae. In addition to location, the tissue properties (e.g.,
trabecular vs compact bone) and the biomechanical functions
of bones also influence their reaction to unloading. For ex-
ample, loss of mineral density in the trabecular portion of the
lumbar vertebrae after spaceflight was greatest in the lower
vertebrae, which bear the greater load on Earth (Fig. 8). In
contrast, losses of mineral density were comparable among
the L1-L3 vertebrae in two subjects after a 370-day head-
down bed-rest period (Fig. 9),” which may reflect the pres-
ence of the gravitational vector in this model of weightless-
ness. Finally, as alluded to in the previous section on calcium
balance, many organ systems (cardiovascular, muscular, re-
nal, gastrointestinal, and others) participate in the regulation
of mineral transport, and thus in bone formation. The sec-
tions below describe changes in the mineral density of the cal-
caneus, the long leg bones, and the lumbar spine in response
to bed rest.

1. Calcaneus and Other Foot Bones

Bed rest induces decreases in the mineral density of the
calcaneus (Table 5) and other bones of the foot. The mean
monthly rate of mineral loss has varied in different experi-
ments, but ranges from 2.8%—5% (roughly twice that of as-
tronauts and cosmonauts'®!¢?) and seems to depend on the
age of the subjects and the use of countermeasures.'%%757¢
Even this is not clear, though, as different investigations have
involved different countermeasure protocols and different den-
sity-measurement techniques. For example, in one study,’
exercise (walking, running, or jumping) during the bed-rest
period held the loss of bone mineral to half that reported else-
where; however, other studies have shown exercise to have
little or no effect on maintaining calcaneal density.®>’? Exer-
cise seems to be more effective in combination with drugs
(Table 5), but drugs alone also can have a protective effect.®”
The time at which countermeasure protocols are begun af-
fects the outcome for calcaneus density.” Even subjects who
exercised throughout a 370-day bed-rest experiment had lost
calcaneal density by the 120th day of bed rest; however, den-
sity in this group remained at that 120-day level throughout
the remainder of the experiment. The group that began exer-
cise on the 120th day of bed rest also had lost calcaneus
density by that time, but continued to lose density throughout
the remainder of the bed-rest period. This result contrasts
with the calcium-balance results presented in Table 5 and Fig.



V. S. OGANOV AND V. S. SCHNEIDER

254

2BIQA}IAA

ajoym ui a3ueyd jo ow:m._a ‘auoq (se[noaqen) ASuods uy aJueyd jo sues, ‘Answondiosqe Kei-y uojoyd-jenp ‘yxQq ‘Ayderdowoy 19ndwod saueuend ‘1Y ‘Answondiosqe
uojoyd-fenp ‘v dq (€€ J2y) Suiuaaios uosaw-u ‘SN ‘sisA[eue pajeAnde-uonnau ‘yyN ‘Answondiosqe uojoydouows ‘Y ‘1531 paq umop-pesy ‘YgAH ‘1531 paq [ewuozuoy ‘g

pL'EL q9'0+ 01 L0~
yL'EL 9’1+ 0 p'T- VdIN 780~ [s0]l ¥€9 68-09 S £5-81 Sy saInseIULNUNOI+YFH.
vLEL ql'1+ 9 0~
vL'EL (WTTDVAALOD v 0+ OV 01— VdIN £6°0— [szol Loz 1v-¥T 4 £6-1 SYM SAINSBIUINUNOI+YHAH-
yLEL 19-LT 6 0LE o§—WEAH €I
¥ fsol St 757891 (saanseaunrajunod ou) Yg T
L VAN 6'€ [s0l 09 06 15T d 11
9L S 91— 9 81 asi1Xa+Yg.
9L SIN-L 8T 9 781 (saansesuuuUNod ou) Yge
9L St 4 81 dd o1
69 (€117 1LDO 090+ VYN 0€- [vzol 6z 81-§ 4 s3rup+as101ox3+4dH-
69 (€1-171) LDO 00~ YVN 80+ (10l €1 81-¢ 12 s3nup+ydaH.
69 (€117 12O SO 1+ YVN 0 [czol 8T viI-L 4 351019%3+ Y AH
69 (€117 LDO sIe+ VVN 8¢ [solt9 se-vi € (senseaunrjunos ou) YgdH-
69 (€11 1DO YVN 99T Sl 0zl oS~ YEAH 6
89 [Lyol 9s  se-01  vy-sT i 4 oS b~ YEAH 8
8L (P1TDVXA'VAA  $00'0F€T 0~ 561 9 0zl qd L
SL @11 1D 10O 16°0+ VAN y1- L 0zl s3rup+yg.
SL (T11D 1DD wi- VAN 8T L 0zl (samsesunajunod ou) Jyg.
SL VdN v¥—0T 4! 0zl 4d 9
ol VdN SE- TIFSVE 9 0zl b {: S
8L (¥1-771) vda 00 Z- 9 S€ p:C: G 4
LL #1-71) vda 0l+ 01 /- 61 8¢ 9 YEAH ¢
0l VdA S0°s— £0F02 9 8¢ (saansesunajunod ou) Yg ¢
L9 [s-o] 147 87 (sanseaunrjunod ou) ¥g |
ELIEIE) EY | JBIGOHIA ouw/s, 10 s3uey snouedje)  owy9, ‘Ausuag  [%) ioow/@ 3 ‘sso] sIeak s393[qng sAep uonipuo) 159}
‘PoyIo N ‘ANsusq [e1qapsA ‘POYIdIN snouede) ‘ss0 winidje) wmioje)  ‘sydafqng  JooN  ‘uonein(y
aupwoisuag Jequn ul y Jijawo}Isuag ur y ueajy Joaey [elo] Jo sady juounealy

3531 paq Surinp surwiny Ay3jeay uj A)ISuap [eL3uiw {euoi3dl pue DUEB[BY WNII[ED Ul SAULY)) S QL



SKELETAL SYSTEM 255

Calcium balance, mg/day
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Fig. 7 Calcium balance in nine men during a 370-day period
of head-down (—6°) bed rest. Four men exercised and took
drugs to prevent bone loss throughout the bed-rest period
(squares); five took no drugs and exercised only after the first
120 days (circles). Adapted (with permission) from Ref. 73.
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Fig. 8 Changes in mineral density, as measured by dual
energy X-ray absorptiometry, of lumbar vertebrae in nine
cosmonauts after 4.5- to 6-month Mir missions. From Ref. 28.

7. However, the wide variability among subjects in the 370-
day study, which resembles that reported elsewhere, under-
scores the need for caution in interpreting these findings.

2. Leg Bones

Total mineral density of the tibia and fibula was mea-
sured with quantitative computer tomography between the
mid- and distal third of the calf in healthy subjects (aged
25-44) who underwent 120 days of —5° head-down bed
rest.®” One of the three subjects in the control (no coun-
termeasures) group showed an 8% decline in mineral den-
sity; 5 of the 12 subjects in the other three groups (exer-
cise only, drugs only, or exercise plus drugs) displayed
decreases ranging from 4.2-5.4%. Although changes in
group means were not statistically significant, density
tended to decrease in the exercise or drug groups, and
tended to increase in the exercise+drugs group.
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Fig. 9 Changes in density of spongy tissue of the lumbar ver-
tebrae (measured by quantitative computer tomography) in
two men after 370 days of —6° head-down bed rest. White bars,
before bed rest; hatched bars, after bed rest. From Ref. 74.
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Fig. 10 Changes in mineral density of three tibial zones in
nine men during a 370-day period of head-down (—6°) bed
rest. White bars represent results from four men who
exercised and took drugs to prevent bone loss throughout
the bed-rest period; hatched bars represent results from
five men who took no drugs and exercised only after the
first 120 days. Adapted (with permission) from Ref. 73.

Tibial density measured by monophoton densitometry was
decreased by 10% in three of four members of another group
who underwent 370 days of head-down bed rest while exer-
cising throughout.™ Tibial density decreased by 5-12% in
five other subjects in this study who exercised only during the
18th through 53rd weeks of the bed-rest period.” Group means
were not significantly different from one another, but density
in the group that began exercising on week 18 seemed to de-
crease during the second month of bed rest, i.e., 2 months
earlier than in the continuous-countermeasure group.™ How-
ever, computer tomography of the anteromedial zone of the
mid- to lower tibial diaphysis revealed substantial fluctuations
ranging from 5-28% of baseline in that area (Fig. 10). Both
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groups, i.e., those who exercised throughout the bed-rest pe-
riod and those who exercised only during the latter half, lost
the most density in this zone, which is subject to large strain
and dynamic load during locomotion."

Dual-photon absorptiometry indicated that femoral-diaphy-
seal density increased toward the end of the bed-rest period.”
Conversely, density of the femoral neck, where trabecular bone
predominates, was reduced in both groups, although to a sta-
tistically significant extent (p<<0.01) only in the delayed-coun-
termeasure group. Decreases for some individuals in both
groups reached 18 to 21%. Overall, the amount of mineral
loss in the femoral proximal epiphysis was not different for
the two groups.

3. Lumbar Spine

The patterns of change in mineral density in the lumbar
vertebrae during bed rest (summarized in Table 5) are com-
plex. Density in these bones did not change in all subjects; the
probability of change seemed to increase with the duration of
the bed-rest period. For example, only 2 of 19 subjects in a
30-day, —6° head-down bed-rest study showed significant
changes in the L2-1.4 region (one lost 7%, and the other gained
10%).”7 In another study, quantitative computer tomo-
graphy revealed losses of mineral density in the L2-L4 region
for six subjects (mean 1.7% per month) after 17 weeks of
horizontal bed rest; density for another six subjects, who took
drugs during the bed-rest period, tended to increase.” Dual
X-ray absorptiometry used in another 17-week study revealed
a 3.9% decrease (1% per month) in density of the lumbar spine
for six subjects.”® In yet another 17-week study, this one in-
volving —5° head-down tilt, mineral density in the L1-L3 re-
gion increased for 6 of 13 subjects who did not use counter-
measures, and also increased for 4 of 15 subjects who did use
various protective and prophylactic procedures.®-

Changes in the density of the trabecular portion of the lum-
bar vertebrae after either horizontal or head-down bed rest
resemble those detected after spaceflight.?® Isotope transmis-
sion absorptiometry and computer tomography both have re-
vealed gains or losses in trabecular bone in the vertebral body;
the changes noted with quantitative computer tomography,
however, may reflect measurement artifact.”’

Individual differences in the response to bed rest, which
are appreciable even during relatively brief periods, become
pronounced as the hypokinetic period lengthens.”™ For ex-
ample, quantitative computer tomography revealed 12% and
30% decreases in lumbar trabecular bone in two subjects after
370 days of head-down bed rest; four other subjects showed
increases ranging from 11-27%. Dual-photon absorptiometric
measurements every eight weeks revealed slight increases in
lumbar-vertebral density in the group that used countermea-
sures throughout the bed-rest period; the delayed-counter-
measures group showed an analogous tendency.™ In fact, the
tendency for mineral density to increase seems to be more
pronounced for subjects who do not use countermeasures.®
This phenomenon deserves further study.

Finally, as is the case for spaceflight, mineralization tends
to increase in the upper portions of the skeleton, especially
the skull, in head-down bed rest.”® The association between
the severity of bone loss and the 1-g biomechanical function
of the skeleton is noteworthy: The absolute loss of bone
mineral seems to increase as one moves in the direction of
the gravity vector. However, this result also could reflect
errors in the measurement technique, and should be inter-
preted cautiously.

C. Hypermineralization in the Lumbar Vertebrae

The value of preserving mineral density is plain; however,
the presence of hypermineralization in approximately one-third
of the subjects undergoing either spaceflight or bed rest¢?’
requires additional analysis. Hypermineralization has been
detected in people confined to bed with scoliosis™ or spinal-
cord injuries.* We first identified this phenomenon in healthy
volunteers in association with 120 days of head-down bed
rest.® We have since found mineral density to increase in the
lumbar vertebrae both with quantitative computer tomo-
graphy?® and with transmission absorptiometry.®®™ This phe-
nomenon is much more prevalent in head-down bed rest than
in horizontal bed rest, and thus probably is related to the com-
plex circulatory reaction to the head-down position (see Chap-
ters 3, 4, and 13 for further details). Hypermineralization
during bed rest is associated negatively with physical exercise
and positively with the use of biphosphonate drugs. Our as-
sessments of possible reasons for the hypermineralization find-
ings are given below.

As noted earlier, these findings could reflect errors in the
measurement technique, errors in the correction factors used
to estimate amounts of bone marrow and fat, or artifacts of
changes in amounts of fatty tissue resulting from the lack of
physical activity with bed rest. All densitometric methods
depend to some extent on the accuracy of fat-mass estimates.®'
We ourselves have noted changes in fat mass after spaceflight
with dual X-ray absorptiometry (unpublished data).

This phenomenon also could reflect an increase in intradisk
pressure that is inappropriate for the weightless environment.
Hyperhydration of the intervertebral disks could create addi-
tional loads on trabecular tissue of the vertebrae, transmitted
through the end plates and affecting mineralization.*> Mag-
netic-resonance imaging (MRI) verified enlargement (thought
to be synonymous with hyperhydration) of disks during a 120-
day period of horizontal bed rest, but mineral density was lost
in these subjects.®* Intervertebral disk pressure in the lumbar
region of rats after the 2-week Kosmos-1887 flight was no
different from that of a control group.** Some signs of dehy-
dration of the fibrous ring and decreases in lumbar-disk mass
were present in animals flown on Kosmos-2044.%% From the
available data, then, intervertebral disks may get bigger in
space, but no evidence exists to suggest that hyperhydration
or increased disk pressure causes increases in bone density.

The hypermineralization phenomenon also could be related
to changes in torsional loading of the muscles surrounding the
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spine.®® Theoretically, in weightlessness, the predominance of
tensile and torsional stresses over compressive loading (lack
of weight and maintenance of muscle force) could lead to in-
creased osteocyte activity and thus increase the size of the
osseous lacunae.® If these lacunae fill with collagen-like sub-
stance synthesized by the osteocytes and become perilacunar
bone, then that might account for the increase in mineraliza-
tion.**#¢ Also, slight changes in spinal curvature due to differ-
ent patterns of muscle force in weightlessness could realign
the vertebrae, which would shift the angle of measurement
and inflate estimates of the amount of mineral present per unit
area.

A true increase in bone mineral would be reflected by sclero-
sis or the accumulation of mineralized osteoid from slowed or
reduced bone remodeling in the absence of mechanical load.
This supposition was confirmed in rats that had flown on 3-
week spaceflights, in which mineralized osteoid had accumu-
lated in vertebrae®' and long leg bones.!%**%? Biomechanical
tests of the long-bone epiphyses showed decreases in maxi-
mum strain concurrent with transient increases in the coeffi-
cient of elasticity.*® Additional evidence for this supposition
was provided from the bones of cosmonauts who died return-
ing from a 28-day spaceflight.®’” Mineralization of the trabe-
cular bone in the vertebral bodies had increased somewhat,
although numerous microfractures also were present. This
finding also implies that the bone-remodeling process, includ-
ing resorption, is suppressed, which could explain the reten-
tion of traces of earlier microfractures and old areas of miner-
alized bone in these samples.

D. Morphological Changes

Studies of structural change in human bone resulting from
lack of mechanical load have relied primarily on the use of
biopsy specimens from the iliac crest region of subjects un-
dergoing bed rest. This region has been deemed appropriate
both for theoretical reasons® and because mineral density seems
to change selectively in different bones in the pelvic region
after spaceflights.?

Although data are somewhat scarce, results from biopsy
studies of human bone are compatible with results of animal
studies in weightlessness. As early as 7 days into a —-6° head-
down bed-rest period, seven of eight men had a mean 22%
decrease in bone formation and a mean 7% decrease in os-
teoid mineralization.*® No evidence of activated bone resorp-
tion was found; in fact, the number of osteoclasts (per unit
area of tissue surface) declined, although the total resorption
surface was comparable to that of an ambulatory control
group.®®

Biopsy data also were obtained from three subjects who
did not use countermeasures during a 120-day head-down bed-
rest study.®® In these subjects, trabecular mineralization was
reduced by 12-36%, and cortical mineralization by 15-35%;
trabecular density (per unit volume) was decreased, the dis-
tance between trabeculae was increased, and osteoclast activ-
ity may have increased. However, no bone mass was lost.*’

Despite the presence of a negative calcium balance, mineral
density increased by a statistically significant 12.6% in the lum-
bar vertebral bodies.*” Another group in this same 120-day
study, one that exercised during the bed-rest period, showed
no histomorphometric evidence of change in bone formation,
but bone resorption increased.® Mineral density of the verte-
bral bodies was no different from control measurements col-
lected before the bed-rest period.*® A third group, who were
given drugs as countermeasures, had suppressed bone forma-
tion and resorption,* but no change in the lumbar-vertebral
density and statistically insignificant negative calcium balance.”
Histomorphometric changes in a fourth group, who both ex-
ercised and took drugs, were analogous to those in the third
(drug-only) group.* The mineral density of the lumbar verte-
brae did not change, but calcium balance became negative,
although to roughly half the extent of the no-countermeasures
group.%’

These results suggest that physical exercise seems to acti-
vate resorption and prevent increases in mineral density in tra-
becular bone during bed rest. This supposition is consistent
with another postulate that the increased mineralization in the
no-countermeasures group was secondary to suppressed re-
sorption in the absence of mechanical load. The inhibitory
effect of the drugs used in this study on bone resorption, and
the concurrent diminishment of bone formation, may help to
re-establish normal calcium balance. The reason why the com-
bination of exercise and drugs during bed rest was less than
optimal in preventing negative calcium balance is unknown.

In another study,” no significant changes in bone forma-
tion or resorption were found in nine subjects after 120 days
of head-down bed rest.”® Neither the width of the iliac-crest
cortex or the total volume of trabecular bone changed; how-
ever, fewer trabeculae were present, and those that were tended
to be broader than control measurements.” The hypothesis
that this effect resulted from activated remodeling, begun early
during bed rest,” is difficult to reconcile with previously de-
scribed findings of changes becoming evident after only 7 days
of bed rest.®

However, the nine subjects described above went on to
complete another 250 days of head-down bed rest. Of those
nine subjects, five did not exercise during the first 120 days of
the study and then began to do so for the remainder of the
experiment.”® During the first 120 days, those five subjects
showed both earlier and greater losses of mineral density in
the femoral neck’™ and a significantly more negative calcium
balance than the other four subjects, who exercised through-
out the study period.”” Moreover, the biopsy material from
the first group of five had suffered significant biomechanical
degradation (e.g., detrimental changes in breaking load, ri-
gidity, and crushing energy) at the 120th day of bed rest. Par-
tial recovery was noted in another biopsy sample taken at the
end of the 370-day bed-rest period.”!

A caveat is needed here in order to interpret these results:
Normally, histological results from iliac-crest bone in healthy
bed-rested individuals correspond poorly with biomechanical
results. Nor do these histological results correlate well with
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densitometry of the lumbar vertebrae (despite the proximity
of these bones), nor with balance studies. Thus, interpreting
histomorphometric results can be quite difficult.’>*® These
disparities could be related to local differences in the reac-
tions of bones in different areas of the skeleton. For example,
healthy subjects exposed to weightlessness or bed rest show
unequal shifts in mineral density throughout the tibia, and the
usual gradient of mineral density in the L1-1.4 vertebrae tends
to become level. These observations underscore the impor-
tance of “unloading” in the development of local osteopenia.

IV. Regulation of Calcium Metabolism

Diet, renal and intestinal function, central and peripheral
hemodynamics, and many other factors are known to influ-
ence the direct effects of mechanical and gravitational stimuli
on bone structure. The interactions among these factors are
coordinated through a complex hierarchy that ultimately bal-
ances the concentration of calcium between blood and bone
and regulates the adaptation of bone to mechanical loads as
well. Both local and systemic factors participate in this com-
plex system. Local factors include oligopeptides, prostaglan-
dins, and growth factors synthesized directly by bone cells,
and proteins of the bone matrix such as osteocalcin, fibronectin,
osteonectin, osteopontin, and others.>*? Systemic mechanisms
represent neuroendocrine, hormonal, circulatory, metabolic,
and immune control of calcium metabolism, and are reviewed
briefly below.

Hormonal regulation of calcium metabolism during space-
flight has been discussed elsewhere,'®!”** but consensus has
yet to be achieved. Blood concentrations of parathyroid hor-
mone (PTH) and calcitonin were unchanged after 7 days of
head-down bed rest® or spaceflight.”** A transitory increase
was noted in 1,25-dihydroxy-vitamin-D, after these space-
flights, but not after the 7-day bed-rest period.

Periodic fluctuations of PTH were noted during the 28-,
59-, and 84-day Skylab flights,'¢ although blood concentra-
tions of minerals and hormones remained within normal limits
during the 28-day Skylab-2 mission.*® Unpublished analyses
of calcium and bone-matrix degradation products in urine
samples suggest the presence of bone resorption and bone
loss during these missions. Lumbar-vertebral density?® was not
correlated with blood concentrations of calcium-regulating
hormones® in cosmonauts after 150- to 237-day flights. Blood
concentrations of PTH, calcitonin, and vitamin D metabolites
were unchanged, or remained within normal limits, for these
cosmonauts and for subjects in a bed-rest study.”> These re-
sults could reflect shifts in the sensitivity of the target organs
to the relevant hormones,** or possibly one or more local
causes.

Systemic regulation of the mineralotropic hormones is not
well understood because of the complexity of the interactions
between these hormones and those associated with physical
and emotional stress, fluid and electrolyte regulation, and oth-
ers.” For example, diminished bone formation is strongly cor-
related with high amounts of blood glucocorticoids.**** How-

ever, other factors influence calcium homeostasis as well, chief
among them being the cascade of effects resulting from
headward fluid redistribution in microgravity.®%

Fluid loss, decreased plasma volume, increased osmolality,
diminished fluid intake and decreased urine volume (with nega-
tive fluid balance), increased renal excretion of electrolytes
(Ca, P, Na, K, Cl), and negative nitrogen balance all have been
documented during spaceflight'™* (see also Chapter 4, this
volume). Elevated concentrations of ionized calcium in the
blood, which are thought to be present during spaceflight,
could reflect reductions in blood albumin, changes in blood
pH, elevated release of calcium from bone, dehydration, or
renal problems.”>*’ Negative calcium balance can arise from
hypercalcemia, hypercalciuria, malabsorption through the in-
testine, resorption at the renal tubules, and other causes.!735%
Evidence that calcium regulation is involved in the changes
seen in fluid-electrolyte balance associated with fluid redistri-
bution®*7 could help to clarify the homeostatic shifts in cal-
cium and its distribution in microgravity.

One negative consequence of disrupted calcium metabo-
lism in space is the increased risk of forming kidney stones.*
This risk seems to be related to the disruption of bone-blood
calcium homeostasis, the metabolic shifts associated with fluid
redistribution, emotional and physical stress, and insufficient
or inappropriate exercise or rehydration during flight. Indica-
tors suggesting increased stone-forming potential noted in
humans include hypercalciuria, decreased urine volume, in-
creased concentrations of oxalates and uric acid in the urine,
decreased urinary pH, and decreases in citrate and magne-
sium concentrations in urine. !’

Animal studies aboard biosatellites have demonstrated re-
ductions in somatotropic and thyrotropic activity of the ante-
rior pituitary gland, as expressed in decreased production of
growth and thyroid hormones; other findings include decreased
blood concentrations of PTH and calcitonin.® These data are
difficult to extrapolate to humans, however. The headward
redistribution of body fluids characteristic of humans takes
place to a much lesser extent in animals. Moreover, rats flown
in space showed less severe stress reactions, e.g., catechola-
mines were low, and blood ACTH and corticosterone were
negatively correlated with each other.”

Another potential modulator of calcium homeostasis in
humans is the immune system. Blood concentrations of os-
teoclast activating factor (OAF) have been elevated in bed-
rest subjects'®; however, meaningful interpretation of these
data await assessments of interrelated cytokines, e.g.,
interleukin-1'®! and others perhaps yet to be identified.

Localized, short-acting cytokines are thought to play sig-
nificant roles in bone changes in microgravity as well.!”? Evi-
dence for this supposition includes the widespread, heteroge-
neous changes revealed by histomorphometry, densitometry,
and biomechanical function in different bones. Mechanical
stimulation, thought to be the chief inductor of bone-cell ac-
tivity, is transformed into metabolic signals through yet-unde-
fined mechanisms, which may include electrical potentials cre-
ated as a result of cell or cell-wall deformation, streaming
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potentials, or the effects of mechanoreceptors (the integrins).'”
These processes are regulated mostly at the local (tissue)
level.*

Further evidence for the influence of local factors comes
from the demonstrated sensitivity of bone-cell cultures flown
on the 13-day Kosmos-2229 mission.'™ Osteocalcin gene ex-
pression also was decreased in the periosteum of the long bones
of rats after a 4-day Shuttle flight,as well as in a control group
in which the sciatic nerve had been severed on one side.'®
Another study involving the latter technique revealed a de-
crease in number of osteoblast precursor cells in a culture of
femoral stromal celis after 11 days.'” Proliferative activity
did not change, but differentiation of osteoblasts was signifi-
cantly attenuated, as was their capacity to form mineraliza-
tion loci. This latter finding resembles previous in vivo find-
ings of inhibited progressions of osteoprogenitor cells into
preosteoblasts®® and osteogenic differentiation of osteoblasts.*
The precise means by which bone formation is suppressed in
response to mechanical unloading are as yet unclear, and re-
quire further study.3*

V. Bone Biomechanics and the Prediction of Osteopenia

Bone possesses a relatively high “strength reserve”; for ex-
ample, the breaking loads of the vertebral trabeculae and tibial
compact bone are 10 times the corresponding physiological
loads." The main reason for declines in the mechanical strength
of bones is loss of bone mass. Thus, fracture risk in humans can
be predicted noninvasively by measuring changes in mineral den-
sity and identifying them with changes in bone mass.”* How-
ever, the function relating the mechanical properties of bone with
mineral saturation is exponential, particularly for trabecular
bone.'"® Therefore slight changes in mineral density can be asso-
ciated with significant shifts in the strength of trabecular bone.
For example, bone strength in rats can diminish after as little as
1 or 2 weeks of spaceflight, but need not be accompanied by
changes in mineral saturation.?*42

Loss of bone mass thus cannot be the only cause of de-
creases in bone strength. As an example, only 75% of the
decrease in load-carrying capacity of bones can be attributed
to age-related losses of bone mass.'"” (Strength losses, which
exceed the reductions in mineral density, are particularly ap-
parent in age-related changes of the vertebrae and femoral
neck.'®'%) Organic-matrix composition, bone porosity, ori-
entation of collagen fibers in osteons, the nature of the “col-
lagen-crystal” bond, 342411 and ather yet-unknown aspects
of bone composition and microstructure®® are important to
the mechanical status of bone.

Animal experiments have confirmed that many of these fac-
tors are accompanied by decreases in bone.'*3¢4° In humans,
the age-related decrease in the strength of the lumbar verte-
brae is influenced not only by thinning of the trabeculae, but
by loss of the continuous network therein.!"" As discussed
earlier, subjects in a 120-day head-down bed-rest study showed
histomorphometric evidence of trabecular restructuring in the
iliac crest (decreased number and increased thickness of tra-

beculae) without having lost bone mass.®® Biomechanical tests
of the biopsy specimens after 370 days of head-down bed rest
revealed signs of decreased resistance to deformation and di-
minished strength resulting from increased brittleness, both of
which are typical of aging bone."!

The rate of onset and the severity of osteopenia depend on
several factors,'"? including hereditary factors (gender, age,
body weight, physical fitness. metabolic rate, presence of he-
reditary diseases) environmental factors (nature and type of
motor activity, nutritional status, and use of drugs such as
steroids, heparin, anticonvulsants, or antacids), and postnatal
development history.'® No tests exist at present that can ac-
count for all of these factors in estimating the risk of fracture
or osteopenia. In one study of 94 women (40 X0 vears of
age) who had osteoporosis with compound vertebral fractures,
quantitative computer tomography revealed that only 21% had
mineral density that was less than age-appropriate values.'™
These data do not provide a specific density threshold for frac-
ture, but rather suggest that the probability of fracture increases
linearly. This was particularly true of the vertebrae, for which
density decreased from 110 to 60 mg/cm?®.!'*-''¢ Another study
that involved dual-photon absorptiometry revealed that 50%
of the women with postmenopausal osteoporosis (identified
through the presence of fractures on X-rays) had normal bone
mass for their ages.!?

Many authors believe that spontaneous bone fractures re-
quire a minimum 30-40% loss of minera} density.6%¢¢"4 Spe-
cies differences in this amount undoubtedly are determined
genetically; however, subpopulations within species might be
distinguishable on the basis of rate of bone loss during post-
natal development.’” Nevertheless, fracture clearly involves
bone strength as well as the force applied to that bone, and
thus fractures can occur when the force applied exceeds the
tolerance of the bone. The clinical and epidemiological litera-
ture on the use of repeated densitometry to predict fracture
risk (e.g., Ref. 117) could be supplemented with assessments
of biochemical indicators of bone turnover (e.g., urinary hy-
droxyproline and pyridinoline, blood alkaline phosphatase and
osteocalcin) to provide another means of predicting who is
likely to develop osteopenia or fractures.

The observed mean monthly loss of 1-3% of the bone min-
eral in the spine and femoral neck suggests that the probabil-
ity of spontaneous fractures in cosmonauts after year-long
spaceflights would not be great. However, this statement may
be premature. First, individual variation may reach 2--3 times
this mean; second, sclerotic increases in mineral density in the
vertebrae may be associated with decreased mechanical
strength. The crystallinity of the mineral component increases
with age''®; moreover, the increased mineral density noted in
some patients with systemic?” or senile'"” osteoporosis is sug-
gestive of increased brittleness. Although some evidence ex-
ists to suggest that genetic characteristics of cultured bone
cells may be a way to identify hereditary contributions to
osteoporosis,'?® as of this writing, precise predictions of bone
pathology arising from changes in weight loads on the skel-
eton are not yet possible.
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V1. Countering Bone Loss in Weightlessness

The effectiveness of current countermeasures in maintain-
ing local mineral density in cosmonauts and bed-rest subjects
is illustrated in Fig. 11. Various exercises (e.g., running on a
weighted treadmill, isometric exercises, etc.) can suppress
osteopenia after spaceflight or head-down bed rest. How-
ever, these results also could reflect differences among indi-
viduals. In any event, exercise clearly is important in protect-
ing the status of muscles and motor functions in space crews.'?!

The existing exercise equipment aboard spacecraft seems
to provide mechanical loads inadequate to compensate for the
loss of loading experienced in 1 g.'2 The 370-day bed-rest
study demonstrated that a countermeasure protocol that in-
cludes exercise, drugs, and dietary supplements can signifi-
cantly diminish negative calcium balance,” and can stabilize
mineral-density loss in some bones (heel, tibia, femoral neck).
However, in another study, exercise had positive effects only
in combination with drugs.*

Nevertheless, physical exercise should be considered an
essential means of preventing bone mass loss and maintaining
muscular and aerobic physical conditioning during spaceflight.
Isokinetic and isometric exercise'?! and exercise accompanied
by isotonic contractions'” are thought to maintain muscle
strength and aerobic capacity (90-100% O, consumption) in
astronauts. Exercise involving eccentric muscle contractions
may be still more effective in maintaining muscle strength and
endurance.

Preventing osteopenia in space crews, in our opinion, re-
quires a system that can provide mechanical loads to each
area of the body. Also, countermeasure programs must be
adaptable for different individuals, and must minimize the time
needed during flight without jeopardizing the health of space
crews.

VII. Summary and Issues for Future Research

Living bone undergoes a complex set of changes in
microgravity as a result of the elimination of weight loading
on the skeleton. Whether in spaceflight or in prolonged bed
rest, mineral density and bone mass undergo characteristic
changes that are related to the position of the bone with re-
spect to the gravitational vector. In the lower body, the legs,
pelvis, and lumbar vertebrae show consistent patterns of de-
crease in mineral density. In contrast, bone density in the up-
per body (ribs, thoracic vertebrae, arms, or skull) tends to not
change, or occasionally increases. Selective hypermineral-
ization of the lumbar-vertebral bodies, accompanied by un-
changed or diminished mineral density of these bodies, has
been detected in about one third of the cosmonauts or bed-
rest subjects tested.

Establishing reliable correlations between mineral density
and flight duration has not been possible; however, no evi-
dence exists to suggest that loss of bone mineral is self-limit-
ing in space. However, head-down bed-rest studies have
shown that the demineralization process, particularly in the
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Fig. 11 Changes in bone mineral density after 4.5- to
6-month spaceflight (white bars) or 6- to 12-month
head-down bed rest. Shaded bars, bed rest with
countermeasures; hatched bars, bed rest with no
countermeasures. From Refs. 10, 28, 69, 74, and 78.

femoral neck, can be stabilized—or even reversed—through
the use of carefully controlled countermeasures.

Loss of bone mass leads to diminished bone strength. The
changes in bone biomechanics in space, evident before min-
eral loss becomes statistically significant, probably increase
the likelihood of damage from trauma. Morphologic changes
in iliac-crest biopsy samples were evident after as few as 7
days of bed rest. However, morphological changes did not
always coincide with biomechanical assessments of the same
samples, or with densitometric assessments of skeletal seg-
ments close to those studied biomechanically.

The nature of the changes described above suggests that
one reason for loss of bone mass in space is a deficit or change
in the nature of mechanical loading, as evidenced by depressed
osteogenesis and retardation of bone formation and biomin-
eralization. Activation of resorption probably plays a signifi-
cant role in the development of negative calcium balance and
bone demineralization in weightlessness. However, some in-
vestigators have proposed that the primary reaction of bone
to weightlessness is the disruption of the association of the
matrix and the mineral component (the “collagen-crystal”
bond).!%3%3 Indeed, when mechanical stimulation is absent,
the bone “demand” for calcium may decrease, leading to in-
creases in plasma calcium concentration.'® The ensuing de-
crease in blood PTH could, either directly or through modu-
lating vitamin D synthesis, provoke decreased resorption of
calcium in the renal tubules and reduced absorption in the in-
testine.” However, the data that could be considered suffi-
cient to justify the role of catabolic processes are based on
pathologic conditions on Earth.

Another potential explanation for regional bone loss in space
may be a reduction in resorptive processes and bone remodel-
ing normally triggered by microtraumas associated with nor-
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mal standing and walking on Earth. An overall retardation in
bone restructuring could be accompanied by areas of
hypermineralization. If this is so, then the further decreases in
bone strength noted during readaptation may reflect accelera-
tion of remodeling and activation of resorption in response to
mechanical loading. Thus, the skeletal changes noted in
weightlessness, particularly those in the lower body, could be
considered a kind of “local osteopenia” occurring in response
to deficient mechanical loading in space.

Densitometry has revealed relatively small losses of bone
mass after spaceflight—mean 1% per month. Although the
mechanical reserves of the skeleton suggest that the risk of
spontaneous bone fracture is not great after 1-year spaceflights,
individual variations are substantial, and mineral density may
not reflect the mechanical strength of the bone. Since no data
are available during spaceflight, and since experiencing im-
pact loads during landing is a distinct possibility, the risk of
damaging injury-prone skeletal areas (e.g., vertebral bodies)
under these conditions cannot be ruled out.

Data on the recovery of bone mass in cosmonauts are in-
adequate and ambiguous; estimates of the rate and complete-
ness of recovery will be subject to individual variation. Dif-
ferent skeletal areas may recover at different rates, or not at
all. If bone lost during spaceflight cannot be replaced, then
age-dependent osteoporosis may appear earlier than other-
wise expected. Individuals with particularly high rates of bone
turnover during flight may run the risk of calcification in soft
tissue or blood vessels.

In our opinion, preventing or ameliorating osteopenia and
other adverse consequences can be achieved only through the
use of a combination of interventions, one essential compo-
nent of which must be exercise. An ideal system would pro-
vide 1-g-like loads to the muscles and bones of the spine, pel-
vic girdle, and thighs, and would probably involve the use of
drugs that slow bone resorption, e.g., biphosphonates. Nutri-
tional and metabolic means also can be used to reduce the risk
of kidney-stone formation.

In conclusion, we propose that the following tasks repre-
sent crucial issues for sustaining the human presence in space:

+ ldentifying the mechanisms that cause osteopenia in spe-
cific areas of the skeleton so that likely bone traumas can be
avoided.

« Establishing the rate of bone loss and the time needed to
attain new, steady-state bone-strength threshold values in order
to predict the risks of traumatic or nontraumatic fractures.

+ Investigating the reversibility of bone loss and bone-
strength thresholds with respect to their lifetime consequences.

» Elucidating the nature of and reasons for local
hypermineralization of trabecular bone in the vertebrae.

» Clarifying and distinguishing among the relative roles
of systemic and local factors in regulating calcium metabo-
lism in bone and in the entire body.

» Calculating the probability of developing kidney stones
and soft-tissue calcification resulting from disrupted calcium
homeostasis in weightlessness.

+ Identifying means with which these events can be pre-
dicted, diagnosed, and treated early.

» Developing countermeasures that will prevent or ame-
liorate the changes described while they are developing.

We believe that resolving these issues will hasten under-
standing of bone adaptation during spaceflight and other forms
of gravitational unloading. Other potential Earth benefits may
well include fostering the development of new diagnostic
methods with which to predict the risk of fractures and
osteopenia, as well as developing means of preventing or cor-
recting prepathologic conditions early, before irreversible dam-
age can take place.
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